Recently, the standard model prediction of ǫ ′ /ǫ was improved, and a discrepancy from the experimental results was reported at the 2.9σ level. We study the chargino contributions to Z penguin especially with the vacuum stability constraint. The vacuum decay rate is investigated, and it is shown that the discrepancy can be explained if superparticles are lighter than 4-6 TeV. Correlations with B(K L → π 0 νν) and other experimental constraints are also discussed.
Introduction
One of the most sensitive probes of physics beyond the standard model (SM) has been provided by CP-violating observables of flavor-changing neutral currents (FCNCs) in K meson processes. The hadron matrix elements of the K → ππ decay are recently determined with lattice QCD by the RBC-UKQCD collaborations [1] , and the SM prediction of the direct CP violation is obtained as The hadronic uncertainties are reduced by the use of CP-conserving data as [2] (ǫ ′ /ǫ) SM = (1.9 ± 4.5) × 10 from the NA48 [5] and KTeV collaborations [6, 7] . In particular, Eqs. (1.2) and (1.3) disagree with the experimental data at the 2.9σ level.
The above discrepancy has been discussed in several new physics models [8] [9] [10] [11] [12] including the supersymmetry (SUSY) models [13, 14] . In SUSY, it has been argued that isospinviolating contributions from gluino box diagrams can be responsible for the discrepancy [14] . In this letter, we study chargino Z-penguin contributions as an alternative scenario. They do not decouple even if SUSY particles are heavy as long as a product of the mass insertion (MI) parameters (δ u LR ) * 13 (δ u LR ) 23 is fixed [15, 16] . This feature is attractive once other constraints are considered. For instance, although CP-violating FCNCs of the K meson are tightly constrained by the indirect CP violation of the K meson or electric dipole moments, SUSY contributions to them decouple in heavy SUSY scenarios. Thus, the discrepancy may be explained by the chargino contributions to the Z penguin in ǫ ′ /ǫ. Among the constraints, one should pay attention that the vacuum stability condition is not relaxed even if SUSY particles are heavy. Since the MI parameters, (δ u LR ) 13 and (δ u LR ) 23 , are proportional to scalar trilinear couplings, the chargino Z-penguin contributions are constrained by requiring the stability of the electroweak (EW) vacuum. In the literature, charge-color breaking (CCB) vacua or potential directions unbounded from below (UFB) have been studied along with ǫ ′ /ǫ [15, 16] . However, their analyses follow the strategy of Ref. [17, 18] , and the vacuum decay rate has not been examined. In this letter, the vacuum decay will be studied, and we will discuss whether the current discrepancy of ǫ ′ /ǫ is explained by the chargino Z-penguin contributions.
, generally have flavor off-diagonal components, they are irrelevant for the current discrepancy of ǫ ′ /ǫ, because SUSY contributions to the Z penguin are enhanced when the SU(2) L symmetry is broken, as will be mentioned in the next section. A significant contribution is provided by flavor mixings in the trilinear scalar coupling T U , which is also expressed by the MI parameters,
Here, mq is a squark mass. It is noted that (T U ) ij and (δ u LR ) ij are complex parameters, and (δ u LR ) ij = (δ u RL ) * ji is satisfied. The chargino mass matrix is given by 4) which is diagonalized by two unitary matrices U and V as
K meson observables
Chargino contributions to the Z-penguin diagrams are studied in this letter. They are described by the flavor-violating Z-boson vertex, Figure 1 : Chargino contributions to Z penguin are shown. SUSY particles are denoted in the mass eigenstate (left), while they are in the MI approximation (right). The MI parameters are inserted at the black dots on the squark line in the right plot.
The coupling includes SM and SUSY contributions,
The SM term is dominated by the top-quark loop contributions (see e.g., [16] ), On the other hand, the SUSY contribution is given by the up-type squark-chargino diagrams (left in Fig. 1 ) as (c.f., Ref. [21] )
Here, the chargino-quark-squark coupling is defined as
where Y u k is the up-type quark Yukawa coupling, and V ki the CKM matrix. The loop functions are
The second line in C 2 is from a regularization. It is noticed that Z (SUSY) ds is independent of its constant because of the unitarity of the mixing matrix of squarks.
It is instructive to represent the SUSY contribution in terms of the MI approximation. This is achieved by expanding Eq. 
which reproduces the result in Ref. [15, 16] . The loop function is defined as
14)
The squark masses are supposed to be degenerate, mQ = mŨ ≡ mq.
Since it depends on a ratio of the SUSY masses,
is not suppressed by heavy SUSY particles as long as (δ Fig. 1) . Hence, the loop function depends only on their masses, and the model parameters relevant for Z
In addition, mt L and A t could contribute if the left-right mixing of the stop is necessary. Also, tan β is irrelevant unless it is small. Higgsino contributions are suppressed by tiny Yukawa couplings. In this letter, the gluino mass is assumed to be very large so that gluino contributions to ǫ ′ /ǫ are suppressed. SUSY box contributions to ǫ ′ /ǫ are neglected because they are small.
The theoretical value of ǫ ′ /ǫ is composed by the SM and SUSY contributions,
As mentioned in Sec. 1, the SM one has been improved recently [1] [2] [3] . The discrepancy is estimated as
, and the errors are summed in quadrature. We examine whether (ǫ ′ /ǫ) SUSY saturates these gaps. The Z penguin contribution is expressed as [16, 22] ,
Here, P X , P Y and P Z assemble the information below the weak scale such as hadron matrix elements and QCD corrections. Their numerical results are [2] , 19) where R 6 and R 8 are defined as
Therefore, P X + P Y + P Z is negative. The SUSY contribution (2.9) is evaluated at the SUSY scale, which is higher than the weak scale. Renormalization group (RG) corrections between the SUSY and weak scales are subleading. Those below the weak scale are included in P i . Above the weak scale, the SU(2) L symmetry is restored, and the effective Z-boson vertex is described by the dimension-6 operators, (
. Anomalous dimensions of their RG equations are not large [23] [24] [25] . This is not the case of Ref. [3] , where the effective operators of s → dqq are generated at the SUSY scale.
The flavor-changing Z-boson coupling also contributes to K L → π 0 νν. The branching ratio is expressed as [9, 15] 
where κ L = (2.231 ± 0.013) · 10 −10 (λ/0.225) 8 , X (SM) = 1.481 ± 0.009 and λ is the Wolfenstein parameter. The SM prediction is about 2.8 × 10 −11 [11] . Compared with Eq. (2.18), it is noticed that the SUSY contribution to B(K L → π 0 νν) has a negative correlation with that to ǫ ′ /ǫ as long as it is dominated by the chargino Z-penguin contribution (c.f., Ref. [9] ). Although K + → π + νν includes a similar contribution, its effect is weak.
Vacuum stability
According to Eq. (2.13), large ǫ ′ /ǫ is achieved whenũ L andc L have a large mixing witht R . The left-right mixing is proportional to the scalar trilinear coupling (T U ) ij . Large flavorviolating trilinear couplings may generate instabilities of the EW vacuum [26] . Requiring that the lifetime of the EW vacuum is longer than the present age of the universe, the trilinear couplings, or equivalently (δ In this letter, S E is estimated at the semi-classical level, which is called the bounce action [27] and calculated by CosmoTransition 2.0a2 [28] . The prefactor A is not determined at this level; higher-order calculations are needed for determining A [29] . We adopt an orderof-estimation analysis. Since typical energy scales are the EW and SUSY ones, we take A ∼ (100 GeV) 4 or (10 TeV) 4 . The lifetime of the EW vacuum is longer than the age of the universe if the bounce action satisfies S E 400.
(2.24)
Thermal effects are neglected in this letter. The bounce action potentially involves O(10%) uncertainties due to renormalization scale dependences of the model parameters. They are improved by taking radiative corrections into account [30] . However, they are neglected in this letter for simplicity; calculations of the radiative corrections are complicated and will be studied elsewhere.
The bounce action is calculated once the scalar potential is given. In the superCKM basis, the relevant part of the potential is given by In general, (T U ) 13 and (T U ) 23 have complex phases. They can be rephased out in the potential (2.25) before taking real parts of the fields, and the model parameters are set to be real. Thus, the vacuum stability conditions provide upper bounds on the magnitude of (T U ) ij .
Two trilinear couplings (T U ) 13 and (T U ) 23 generate two CCB vacua. In the calculation of S E , one CCB vacuum does not affect another. The bounce action is a solution of the Euclidean equation of motion. A semi-classical path belonging to one CCB vacuum is hardly affected by another. Therefore, the bounce actions are calculated for (T U ) 13 and (T U ) 23 , separately.
The trilinear coupling is composed by h u ,ũ iL andt R . In the limit when heavy Higgs bosons are decoupled and the stop left-right mixing is negligible, h u becomes close to the SM-like Higgs boson H, andt L does not contribute to the vacuum decay rate. Then, the scalar potential is expressed by H,ũ iL andt R as
(2.27)
In the potential, the mass of the SM-like Higgs boson is lower than 125 GeV, which is cured by radiative corrections to the Higgs potential. Including such corrections to the vacuum decay rate is beyond the scope of the analysis in this letter.
Results
We discuss whether the current discrepancy of ǫ ′ /ǫ is explained by the chargino Z-penguin contributions with satisfying the constraints especially from the vacuum stability condition. First, the vacuum decay rate is estimated to derive an upper bound on the size of (T U ) i3 by requiring S E 400. In the left plot of Fig. 2 , the bound is shown as a function of mq ≡ mQ i = mŨ
3
. Here and hereafter, it is assumed that the heavy Higgs bosons are decoupled and the left-right mixing of stops is neglected. The result is insensitive to tan β as long as it is large. In the right plot, the result is interpreted into the bound of (δ u LR ) i3 . Due to the relation (2.3), the limit becomes severer as the SUSY scale increases. Therefore, the SUSY contributions to ǫ ′ /ǫ decrease according to Eq. (2.13). In the left plot of Fig. 3 , the SUSY contributions to ǫ ′ /ǫ are shown as a function of mq. Here, |(T U ) i3 | is set at S E = 400, and |(T U ) 13 | = |(T U ) 23 | is assumed. The CP-violating phase is taken to be maximal. In addition to the model parameters that determine the vacuum decay rate, there is a degree of freedom in choosing mW (see Eq. (2.9)). In the figure, mW is set to be 1, 2, 3 TeV and mq as reference cases. The result is insensitive to the other model parameters. It is found that the current discrepancy of ǫ ′ /ǫ can be explained; the SUSY scale can be as large as 4-6 TeV, depending on the choice of mW .
So far, mQ and/or |(T U ) 13 | = |(T U ) 23 |, the SUSY contributions to ǫ ′ /ǫ become smaller at S E = 400. In the right plot of Fig. 3 , correlation between B(K L → π 0 νν) and (ǫ ′ /ǫ) SUSY is displayed. As mentioned in the previous section, B(K L → π 0 νν) decreases as ǫ ′ /ǫ increases unless ǫ ′ /ǫ is very large. (When ǫ ′ /ǫ is huge, the SUSY contribution is larger than the SM one for K L → π 0 νν.) The current discrepancy implies that B(K L → π 0 νν) is predicted to be less than 60% of the SM prediction. In future, the KOTO experiment may measure the branching ratio at the 10% level of the SM value [31, 32] .
Some parameter regions are constrained by other observables. Those in mq 1-2 TeV are excluded by ǫ K . The constraint is given by the chargino box contribution [15] and relaxed as mq increases. Double penguin contributions using the flavor-changing Z-boson [15] , which decouple as SUSY particles become heavier. The MI parameter (δ u LR ) 23 generates contributions to B(b → sγ). Since the dominant contribution is from Higgsino-like chargino diagrams, its effect is sufficiently small if Higgsinos are heavy without suppressing the contribution to ǫ ′ /ǫ. Electric dipole moments are sensitive probes of the CP violations. However, contributions with (T U ) 13 or (T U ) 23 (see e.g., Ref. [33] ) are smaller than the current experimental limits if the squarks are heavier than 1 TeV. Finally, one might obtain a stringent constraint from RG analyses [16] . However, they depend on models, and we simply neglect them to keep the discussion as model-independent as possible.
Conclusion
The recent analyses of the SM prediction of ǫ ′ /ǫ have reported a discrepancy from the experimental value. The significance is about the 2.9σ level. We studied whether it is explained by the chargino Z-penguin contributions. They are constrained by the vacuum stability condition, and it is found that the SUSY contributions can bridge the discrepancy if the SUSY masses are smaller than 4-6 TeV.
The chargino Z penguin also contributes to B(K L → π 0 νν). The current discrepancy of ǫ ′ /ǫ implies that B(K L → π 0 νν) is about less than 60% of the SM prediction. In future, the KOTO experiment may measure the branching ratio at the 10% level of the SM value [31, 32] . On the other hand, other experimental constraints exclude models only when the SUSY The SM predictions of ǫ ′ /ǫ are expected to be improved in the near future. If the discrepancy would be confirmed, the chargino contributions could provide an attractive solution.
